Abstract. Following a prediction made in Refs. [1] [2] [3] , this paper focuses on multi-lepton signatures arising from two new hypothetical scalar bosons, H and S, at the Large Hadron Collider (LHC). These two new bosons are an extension to the Standard Model (SM) and interact with the SM Higgs boson, h. We consider two production modes for H, one being gluon fusion and the other being in association with top quarks. The H → Sh decay mode is considered, where leptonic final states are studied. The CP properties of S are characterised by considering effective couplings derived from dimension six operators through SWW vertices. The nature of the S boson is considered in two separate contexts. Firstly in a simplified model, it is considered to have Higgs-like couplings. Secondly, we consider a heavy neutrino model and its interactions with the Z,W and S bosons. The predictions of the models are compared both to ATLAS and CMS results at √ s = 8 and 13 TeV, where appropriate. The data is interpreted using a simplified model where all the signal comes from H → Sh, assuming S to be Higgs-like, m H = 270 GeV and m S = 150 GeV. The combined result yields gives a best fit value for the parameter β g (the strength of the Yukawa coupling of H to top quarks), β 2 g = 1.38 ± 0.22. A number of regions of the phase space are suggested to the experiments for further exploration.
Introduction
In the aftermath of the observation of a new boson at the Large Hadron Collider (LHC) that is consistent with the Standard Model (SM) Higgs boson h reported by the ATLAS and CMS collaborations [4] [5] [6] [7] [8] [9] , a new challenge is faced. The current goal of the experimental collaborations is to confirm its properties via measurements of its couplings, decay width, and differential distributions (of observables such as transverse momentum p h T , rapidity y h etc.). In addition to this, the expectation is that physics beyond the SM (BSM) might be identified with larger datasets from the LHC at the current centre of mass energy √ s = 13 TeV and possibly even in the 8 TeV data. A plethora of BSM models are being considered in the literature, including additional scalar/vector bosons, fermions or exotic BSM objects. In fact, the existence of non-zero masses for the neutrinos is clearly an interesting BSM scenario that is expected to be studied both at present and future colliders [10] [11] [12] [13] .
Of particular interest here is the BSM scenario considered in Refs. [1] [2] [3] [14] [15] [16] [17] [18] . Here, the additional scalars H and S were introduced to explain a number of features in the LHC Run 1 data. From the limited datasets in Run 1, the following features served as motivation for the model: distortions of the Higgs boson transverse momentum spectrum p h T , which in some cases showed an enhancement in the range 20 GeV < p h T < 100 GeV often accompanied by elevated associated jet activity, elevated rates of leptons in association with b-tagged jets, most notably visible in the search for the associated production of the Higgs boson with top quarks in multi-lepton final states, and the search results for double Higgs boson and weak boson production through a heavy resonance, a combination of which indicates mild excesses around resonance masses of 270 GeV [18] . A simplified model was introduced and tested against both the ATLAS and the CMS datasets, a full description of which exists in Ref. [1] . This model suggests the production and decay modes of these scalars which could have significant signals at the LHC, which can be tested with newer and statistically more precise datasets.
In this work, the mass of the BSM scalar H is fixed at m H = 270 GeV, based largely on the study done in Ref. [1] . The mass of S is studied in the range m h m S m H − m h , where m h is the mass of the SM Higgs boson, although it was found that a mass of m S = 150 GeV fits the data best in most cases, and so only this mass point is used for our results. For the most part the features of the data that triggered the investigation reported in Ref. [1] remain or are magnified in results with Run 2 data reported so far, excluding tth production (see Ref. [19] for a recent review). In this article we study some relevant multi-lepton signatures of these scalars in different scenarios. Two production modes of H are considered: gluon fusion (ggF), the assumed dominant production mode (gg → H), and top associated H production (pp → tH,tH and pp → ttH). Here we consider that the H → Sh branching ratio (BR) is 100%, ‡ and that the BR of S to dark matter is 0%. The S boson is modelled in two different ways. Firstly, S is considered to have globally re-scaled Higgs-like couplings, such that its BRs are the same as for a Higgs boson with a mass m S . Secondly, a model with heavy neutrinos (N i ) is introduced which can interact with S in non-standard ways. We study leptonic final states via the S → N i ν l decay modes.
In Ref. [3] , emphasis was made on rare multi-lepton final states. These would include the production of four leptons from the production of four W s, and the production of three same sign leptons from the production of six W s. Here we concentrate on other multi-lepton signatures. In addition, a study is reported here where the tensor structure of the SWW coupling is modified to evaluate possible model dependencies of the kinematics of four leptons due to four W production. Comparisons between the prediction made previously and the data are performed in this work, with the aim of constraining the fit parameter β 2 g , which shall be discussed below.
The article is organised as follows. Section 2 gives a brief introduction to the simplified models used in this study. Details about simulation and analysis of the signals are then shown in Section 3 together with comparisons with available data. The results are discussed and concluded in Section 4.
Formalism
In this section we provide the interaction vertices that are used for this study. The production and decay modes of H make use of a simplified model approach. S, on the other hand, is considered to be produced dominantly through the decay of H. The nature of the S decay modes should include multiple leptons, but we still have to assume how it decays in order to reduce the number of free parameters it introduces to the model. For the S decays, two models are considered. First, the S is considered to have Higgs-like decay modes, and therefore we have referred to it as the "Higgs-like S model". The second model considered has interactions between N i , Z,W and S. We have referred to this model as the "heavy neutrino model".
As in Refs. [1] [2] [3] [14] [15] [16] [17] [18] , the mass ranges for the new scalars are as follows:
• Light Higgs boson (h): m h = 125 GeV (the SM Higgs boson),
• Heavy Higgs boson (H): 2m h < m H < 2m t , where m t is the top-quark mass, and
The masses of the heavy neutrinos (N i ), however, are not as well constrained and therefore have been considered in the range m N i = 100 − 1000 GeV.
Simplified modelling of H and S
Following a simplified model approach, and after electroweak symmetry breaking (EWSB), the required vertices for this study are,
§ Note that this range is not strictly adhered to, since the original idea was to keep the H → Sh decay mode on-shell. In this study, off-shell decays deserve special consideration. where β g = y ttH /y SM ttH is a scale factor with respect to the SM-like Yukawa top coupling for H, and therefore multiplies the effective ggH coupling; in Ref. [1] , for Run 1 fit results, β g was constrained to be 1.5 ± 0.6. A similar factor β V is used for VV H couplings, where V = W and Z bosons. κ SM Hgg is an effective SM-like ggH coupling (a reduction of the top quark loop) and v is the standard vacuum expectation value (VEV). It should be noted that in this simplified model, the ggF production of H occurs through the effective vertex in Equation 1, which is equivalent to ggF through a top quark loop. The top Yukawa coupling in Equation 2 is necessary for ttH production.
These interactions are independent of the SM Lagrangian, L SM , and the H sector is given by,
It is crucial for the reader to understand that the simplified model described above only consists of the vertices needed for the production of H in this study. For a more comprehensive discussion of how this simplified model can be expanded and embedded into a two Higgs doublet model, see Ref. [3] . Similarly, the Lagrangian for the real singlet scalar S can be written as,
where
The notation of V here differs slightly from what is seen above, where in this case V ≡ g, γ, Z,W and
The parameters α s and α are the strong and weak couplings, respectively. Other possible self interaction terms for S are omitted here since they are not of any phenomenological interest in this study. The total effective Lagrangian is therefore,
As mentioned above, the dominant production mechanism for H is assumed to be ggF, and the dominant decay mode is H → Sh. The Feynman diagrams for this production and decay chain can be seen in Figure 1 .
Modelling the decays of S
Of particular interest in this article is the ability of the BSM scenario we consider to produce multiple leptons. Since the process pp → H → Sh is considered, one should be able to produce multi-leptonic signatures through the decay of S, while the Higgs boson decays dominantly to b-quarks. In an attempt to model this we have considered two different models for the decay of S.
2.2.1. The Higgs-like S model Following the logic of Ref. [3] , the decays of S can be made simple through the assumption that it has globally re-scaled Higgs-like couplings. These couplings are assumed to be suppressed by some unspecified BSM physics, such that the relative coupling hierarchy to the SM particles is Higgs-like. S is therefore not produced directly with a large cross section, however, its BRs should be the same as those for a SM-like Higgs boson with a higher mass. This greatly reduces the number of free parameters in the model. If this is the case, then the S should decay more dominantly to W and Z boson pairs as its mass gets closer to ∼ 2 m W . Therefore, the S becomes a source of multiple leptons through the decays of the gauge bosons.
The heavy neutrino model
As mentioned above, we have also taken an opportunity to study the possibilities of heavy neutrinos at the LHC. Thus, we introduce the interactions discussed in Refs. [10] [11] [12] [13] , where heavy mass neutrino eigenstates N i couple to the EW bosons Z,W and S via mixing with left-handed (LH) neutrinos ν L . 
S N
Following the notation used in Ref. [10] , the flavour state ν l in the mass basis is
where U lm and V lm are the observed light neutrino mixing and active-heavy mixing matrices, respectively. Considering only one heavy mass eigenstate N, for simplicity, the interaction Lagrangian with the electroweak bosons is,
The precise values of V lN are model dependent, and are constrained by neutrino-less double beta decays, oscillation and collider experiments, and tests of lepton universality, as discussed in Refs. [10, 20, 21] . The production of multiple leptons due to heavy neutrinos at the LHC has been studied in Refs. [22, 23] .
In the heavy neutrino model S is still a source of leptons, due to the interaction between the heavy neutrinos and the gauge bosons. The Feynman diagrams showing the decay chain of S in the heavy neutrino model can be seen in Figure 2 .
Simulation and analysis
Monte Carlo (MC) events were generated and analysed in order to study the cross sections and kinematic distributions of the BSM scenario we have discussed in this article. Firstly, model files were built based on the Lagrangians in Equation 3, Equation 9 and Equation 11 using the FEYNRULES package [24] . The various processes were simulated using MG5 AMC@NLO [25] . These hard scatter events were passed to PYTHIA8 [26] for the resonant decays (including t → W b), the parton shower (PS) and hadronisation, and thereafter through DELPHES3 [27] to estimate the detector response for both ATLAS and CMS. In this study, H was assumed to decay only to Sh. Furthermore, the decays of S and h were left open to explore all possible combinations of leptonic decays. Jets were clustered using FASTJET [28] with the anti-k T algorithm [29] using the distance parameter, R = 0.4. For b-tagged jets p T > 25 GeV within |η| < 2.4 were used. Only signal processes were generated for study; all contributing backgrounds were extracted from the relevant ATLAS and CMS papers, as referenced in the text.
We have considered two production mechanisms of H to be studied:
• Direct production through ggF: gg → H → Sh.
• Top associated production: pp → tH +tH, ttH, and further H → Sh.
Direct production of H
As mentioned above, we assume that the H is produced dominantly through ggF, and has a 100% BR to Sh. Thereafter, h is allowed to decay to all possible modes according to the available phase space. S, on the other hand, decays according to the two scenarios discussed in Section 2. Firstly, through SM-like Higgs boson decay modes, S decays into all possible SM final states. Secondly, S decays through N i to leptons and missing energy (E miss T ) in the heavy neutrino model (as shown in Figure 2) .
By considering S to be a Higgs-like scalar boson, the number of free parameters is drastically reduced. For this reason, we consider the Higgs-like S model for comparisons to data and fitting the masses of H and S. This choice also enhances the number of leptons via the decay of S, since for a Higgs-like scalar boson with a mass near 2 m W , the BR for S → WW becomes dominant. Thereafter, the W bosons in the final state can decay leptonically to provide a unique signature for the process. In contrast with this, the heavy neutrino model produces N i , which naturally give leptonic signatures either through charged or neutral leptons in association with W and Z bosons. We also note that for m N i > m S the N i become off-shell, and this affects the features of kinematic observables, as opposed to the case where m N i < m S .
3.1.1. Di-lepton final states For di-leptonic final states, there are two natural signatures which arise for event selections based on the charges of the leptons ( ). That is, oppositesign (OS) and same-sign (SS) di-leptons. In this article we have only considered e ± and µ ± as leptons, barring possibilities from τ ± leptons. In the OS selection we have required e ± e ∓ , µ ± µ ∓ or e ± µ ∓ pairs, and for SS pairs we have required e ± e ± , µ ± µ ± or e ± µ ± . The event selection based on kinematic cuts is the same for both cases, and is as follows:
• Exactly two OS or SS leptons,
The H decays to pairs of vector bosons has been neglected, since the BRs are small and the effect on the final fit result would be negligible.
• Absolute pseudo-rapidities: |η µ ± | < 2.4, |η e ± | < 2.47, excluding 1.37 < |η e ± | < 1.52 to align with detector acceptances, Based on the above requirements, the basic kinematics are shown in Figure B1 , Figure B2 and Figure B3 for the mass point of m H = 270 GeV, m S = 145 GeV and m N = 1 TeV. An SM prediction of Higgs boson production through ggF is also shown for the OS di-leptonic events, whereas for the SS selection the SM acceptance was far too low to generate a reasonable amount of statistics. Even if the SM can produce a few SS di-leptonic events, they are constructed from fake leptons and should be ignored.
A number of the features seen in Figure B1 , Figure B2 and Figure B3 deserve discussion. As opposed to the production of the SM Higgs boson via ggF, the direct production of dileptons with H → Sh displays a significantly larger jet multiplicity. Di-leptons are studied at ATLAS and CMS within the context of h-related measurements, and the measurement of the non-resonant WW production by applying restrictions on the number of hadronic jets and b-tagged jets. In this light it would be interesting to study the di-lepton invariant mass distributions in events with more than one hadronic jet, and with the application of a veto on b-tagged jets. OS di-leptons display the feature that about a third of the events contain at least one b-tagged jet, where top-related backgrounds contribute strongly (see subsubsection 3.1.2). The production mechanism of S suggested here is distinct from the potential direct production via ggF, due to the significantly enhanced jet activity and the associated production of b-tagged jets.
Comparison with ATLAS and CMS OS di-lepton invariant mass spectra
The BSM scenario discussed in this article is of particular interest with regards to several ATLAS and CMS SM measurements of di-lepton invariant mass spectra, since the BSM OS di-leptonic signature has some sensitivity to them. For this reason, various 8 TeV ATLAS and CMS results were selected for study. The BSM signal was generated and reduced according to the event selections prescribed in the experimental publications, and then added to the SM prediction. The best fit event yield was calculated by varying the BSM normalisation and fitting the SM+BSM prediction to the data, using a likelihood fit in the ROOFIT framework. A list of the measurements that were considered can be seen in Table 1 . The SM MCs are scaled to the data in the region of the di-lepton mass, m ll > 110 GeV, where the signal is expected to be negligible (see Figure B3 ). The data with m ll < 100 GeV is compared to the re-scaled SM MC plus the BSM signal by means of a χ 2 function, which is defined in Appendix A. The mass of the heavy scalar is set to m H = 270 GeV and the mass of S is varied.
As discussed in Section 2, the cross section of the BSM signal is proportional to β 2 g , which is a free parameter. Therefore, from the fits to the invariant mass spectra, the value of β 2 g can be calculated along with its standard deviation. In addition to this, a test statistic can be used to determine the significance of the BSM signal's improvement with respect to the SM-only hypothesis. The test statistic that was considered is ∆χ 2 ≡ χ 2 SM − χ 2 SM+BSM . The significance of the fit can be estimated as the square root of this quantity. The combined best fit is obtained for m S = 150 ± 5 GeV. The results of the individual fits are compared with the prediction for the direct production of H → Sh. The cross section is estimated by using a combined value of β 2 g = 1.38 ± 0.32. This number is obtained from the different Higgs boson signal strengths reported so far (see Ref. [19] ) and the analysis of the multi-lepton data in association with b-tagged jets performed here (see subsection 3.2). The results are reported in Table 1 , and distributions of the resulting BSM spectrum overlaying the data are shown in Figure C1 and Figure C2 .
Rescaling the SM MC to the data in the region of m ll > 110 GeV has the advantage of reducing the systematic uncertainties on the normalisation of the SM background. The analysis of the results reported in Ref. [30] is most sensitive to the assumed systematic uncertainty, while the other measurements are dominated by statistical uncertainty, and are therefore largely insensitive to the assumed systematic uncertainty. A systematic error of 2% is assumed for the analysis of Ref. [30] , correlated over all bins and without any constraints. The systematic uncertainty is not incorporated in the likelihood fit; it was found that the far more conservative approach was to use the combined systematic and statistical uncertainty in the calculation of the χ 2 . This is because the systematic terms in the likelihood are heavily constrained by the tail of the distribution, and so the effect of systematics becomes negligible in the likelihood fit. Therefore, all the best fit parameters in Table 1 were calculated with a likelihood and the significance of those fits can be deduced through the ∆χ 2 test statistic.
A combined fit was performed with a common value of β 2 g . This tests the ability of the simplified model to describe the data as a whole. The best fit obtained here corresponds to β 2 g = 1.22 ± 0.38. The value of β 2 g obtained in this section is in good agreement with the combined value discussed above. It should be noted that this best fit value does not account for the systematics in the SM distributions, as discussed above.
A few remarks are in order here. A simplified assumption is made here whereby the BSM contribution arises solely from the direct production of H → Sh. A non-negligible contribution from H → hh is expected, as detailed in Refs. [1] [2] [3] . This contribution can impact the dilepton invariant mass distributions. The analysis of the complete set of results with the data taken in 2016 is not yet available. As a result, the hh decay is not taken into account here. The contribution from OS di-leptons in the associated production of H (see subsection 3.2) is neglected here. The contribution from the decay H → WW → ν ν is also neglected. As the mass of H becomes less than m h + m S , the di-boson decay includes off-shell effects. This is expected to have a non-trivial impact on the expected yields of the di-leptons and hadronic jets, including b-tagged jets. It can be anticipated that this effect will improve the self-consistency for the interpretation of the di-lepton data with the simplified model. This effect is not studied in this work and will be taken into account when more data is available.
It is relevant to note that the discrepancy in the di-lepton invariant mass reported in Ref. [30] appears to be correlated with the di-lepton azimuthal angle difference reported in Ref [35] in the context of the tt spin correlation analysis with the same dataset. This indicates that the apparent discrepancy between the data and the MC in the di-lepton azimuthal 
[34] 25 ± 6 17 ± 58 0.94 ± 3.20 −0.04 Table 1 . BSM fit results for the Run 1 di-lepton invariant mass spectra reported by ATLAS and CMS at √ s = 8 TeV. The event yields reflect the number of BSM events to fit the data in excess of the SM prediction, first using the previously calculated value of β 2 g and then at the best fit point for the measurement in question. The value of β 2 g corresponding to each measurement's fit is reported along with the test statistic ∆χ 2 , the square root of which gives an estimate of the fit significance (incorporating systematics). The negative value of ∆χ 2 for the last measurement arises through the difference in fitting with a likelihood and then calculating the test statistic with a χ 2 . The mass of the heavy scalar is fixed at m H = 270 GeV and the mass of S is fixed at its best fit point, m S = 150 GeV.
angle difference is correlated with low di-lepton invariant mass events. The CMS experiment reported the same analysis with the Run 1 dataset in Ref. [36] , where the di-lepton azimuthal angle difference is very similar to that reported by the ATLAS experiment in Ref. [35] . Ref.
[37] reports results using Run 2 data with the same final state but with exactly one btagged jet (see Figure 7d in the publication) where the top quark related backgrounds need to be normalised to the data in the transverse mass range m T > 200 GeV (following a similar procedure performed here). The size of the discrepancy in Ref. [37] is compatible with what the simplified model used here predicts (with m H = 270 GeV and m S = 150 GeV), after taking the event selection into account.
Tri-lepton final states
Another important final state to check is the production of three leptons with a total charge of ±1, since the prediction of the model is not excluded by the existing data. We have studied tri-lepton final states with the following event selection criteria:
• Exactly three leptons, two of them must be an OS and same-flavour (SF) lepton pair (eee, µ µ µ, eµ µ or eeµ),
• |η µ ± | < 2.5, |η e ± | < 1.37 or 1.52 < |η e ± | < 2.47 to align with detector acceptances,
GeV, |η j | < 4.5. Kinematic distributions for key variables in the tri-lepton final state can be seen in Figure B4 . The differences between the SM and BSM predictions are not as stark as in the di-lepton case. Arguably the best discriminating variables in this case are the transverse mass variables of the W and W Z systems (defined in Appendix B).
4-lepton final states
The production of four W s from a resonance is a unique signature leading to the production of four isolated charged leptons with E miss T . The LHC experiments have not reported on this signature to date, though due to low backgrounds one can expect an excellent signal to background ratio. In this channel, fake leptons are also under control and could result in a unique signature of the BSM scenario considered in this article. A kinematic study on this final state with the H mass dependence has been done in the Ref. [3] . In this section we use this channel to study CP-properties of S. The mass of the intermediate boson S is constrained with the di-lepton data as shown in subsubsection 3.1.2. It is also important to characterise S with respect to CP properties, and for that we follow the approach used in Refs. [24, 38, 39] .
The most general Lagrangian which can account for possible SWW couplings relevant for the phenomenology of S at the LHC are the three-point and four-point interactions involving at least one S boson field. It can be written as, ¶
Here g can be derived from the SU(2) L ⊗U(1) Y gauge invariant dimension six operators given in Ref. [24] . The complete Lagrangian we have worked with is as follows, The most general effective vertices take the form,
In Figure B5 , a few kinematic distributions can be seen for the process gg → H → Sh, where h → WW and using the above Lagrangian S → WW . The effect of CP-even and CPodd SWW couplings are studied by setting g (1)
SWW andg SWW = ±1, where we consider one BSM coupling at a time, keeping the others to be SM-like. From the kinematic distributions in Figure B5 , the only apparent discriminating variable sensitive to the CP nature of the S boson can be seen in ∆φ 1 2 ; the rest are almost insensitive to the CP structure of the couplings. The largest deviation is observed when the parameter g (1) SWW = +1. This moderately affects observables, such as the missing transverse energy, the azimuthal angle between leptons and the invariant mass of the four-lepton system.
Production of H in association with top quarks
While the assumed dominant production mechanism for H is ggF, it should be noted that the same theoretical vertices required for ggF can be used to construct processes for H production in association with top-quarks (ttH) that have a non-negligible cross section. + This has tantalising prospects, since both Run 1 and Run 2 searches for top associated Higgs boson production (tth) have shown deviations from the SM in leptonic channels. In Ref. [16] it is shown that the signal strength of tth using µ tth = σ obs tth /σ SM tth , by combining the experimental + Since H production in ggF mode is possible through one-loop only, where the dominant contribution is due to top-quark Yukawa vertices, y ttH .
search results in leptonic final state yields a value of µ tth = 1.92 ± 0.38. It should be noted that since this combination was made, updated tth results reported by ATLAS [40] and CMS [41] in the search for tth with leptonic channels have been released. The deviations in the new data are not as strong as those used to construct the combination of µ tth shown above, but they still show a systematic enhancement of the tth cross section. * We have therefore considered the production of ttH in order to understand whether it can shed light on the tth deviations.
Here again we have looked at the H → Sh decay mode only, such that the leptonic signatures searched for in several existing experimental tth search channels are mimicked. Typically in tth searches, signal contributions can come from the associated production of a Higgs boson with one (th) or two (tth) top quarks. The same is true for H, and hence H production with single-top and double-top are labelled as tH and ttH here onwards. The dominant Feynman diagrams for ttH and tH are shown in Figure 3 . Note that in the SM, due to negative interference between the Yukawa couplings (h-t-t vertex) and the Higgs boson couplings with vector bosons (h-V -V vertex), the cross section of th is significantly smaller than that of tth production. But this is not true for tH production, since the HVV couplings (β V ) are assumed to be small. By following the logic suggested in Ref. [42] , it turns out [1] :
This suggests that both tH and ttH production cross sections are non-negligible in the BSM scenario considered in this article. To obtain σ ttH (m H ), the corresponding cross section for σ tth (m h = m H ) can be taken from the CERN yellow book [43] , and scaled by the square of the parameter β g accordingly. In this article we have studied the comparison of the production mechanisms ttH and tH with the CMS Run 2 search for a single top quark in association with a Higgs boson [44] . While the search is branded as a single top search, it is sensitive both to single and double top production in association with H. In this reference CMS provides an unbiased sample with a simple event selection that suits our study well:
• No lepton pair with m < 12 GeV,
Only one mass point has been considered in this study, since the kinematic distributions do not have a significant dependence on the masses of H and S.
The plots in Figure 4 show comparisons between the SM and BSM prediction for different observables after the application of the event selection of the CMS Run 2 result. A number of differences are worth discussing. The significant contribution of tH production * The ATLAS result has the added caveat of a veto on events with 3 or more b-tagged jets, which is a significant signal for the model studied in this paper. It is therefore biased towards the SM and would not provide much sensitivity towards constraining any BSM physics that predicts more than 2 b-tagged jets in multi-lepton final states.
Note here that we consider a 5 flavour proton, so the initial state for tH involves a b quark coming from the proton.
tends to lower the hadronic jet activity. On the flip side, the decay H → Sh enhances the hadronic jet activity. As a result of these two competing effects the jet multiplicity is enhanced somewhat. The fraction of events with at least three b-tagged jets is enhanced significantly. The fraction of events with at least three b-tagged jets increases from about 6% in the SM case to over 20% in the scenario considered here. This is mostly due to the fact that b-tagged jets can come from the decay of both the Higgs boson and the top quarks. The production of SS di-leptons with at least three jets is about 24%, whereas for three and more leptons it is about 19%. This effect opens new corners of the phase space for detailed exploration by the experiments. In particular, the production of SS di-leptons and three leptons in association with at least three b-tagged jets is a rare process in the SM.
The presence of a significant contribution from the tH production forces the leading hadronic jet to be more forward, as seen in Figure 4 . The distribution of the azimuthal angle difference between the leading SS pair shows that in both cases the leptons appear almost uncorrelated as they originate from the decays of different particles.
Beyond the event pre-selection, the CMS search further categorises events into three mutually exclusive categories. Firstly, events with exactly two SS leptons are grouped together, and are subdivided into eµ and µ µ categories. The third category contains events with exactly three leptons.
Same-sign 2-leptons
The SS 2 lepton categories select exactly 2 leptons of the same charge with the following criteria:
• Leading lepton p T > 25 GeV,
• Sub-leading lepton p T > 15 GeV.
These categories are of chief importance in this work, since their signal to background ratios and selection acceptances are far greater than the tri-lepton category.
Tri-leptons
The tri-lepton category has a far smaller selection acceptance and, therefore, is not as sensitive in this study, however its contribution is still considered. The selection criteria are as follows:
• Exactly 3 leptons,
• Second and third lepton p T > 15 GeV,
• No lepton pair with |m − m Z | < 15 GeV.
Comparison with CMS data
Using a MC prediction of ttH and tH production, we are able to constrain the parameter β g by making fits to the CMS data [44] . Recall that β g is a re-scaling of the Yukawa coupling, and therefore the cross section for both ttH and tH productions are proportional to β 2 g . The CMS search mentioned above is performed using a multivariate technique making use of boosted decision trees, and so a direct comparison to their final results is difficult. However, their paper also contains a few key distributions based on the event pre-selection and categorisation mentioned above. Again, only one mass point was considered for the BSM prediction: m H = 270 GeV and m S = 150 GeV. Here we have considered only the Higgs-like S model for fits to the data. The SM background and signal predictions were taken directly from the CMS publication.
The three discriminating variables given in the CMS publication are the largest absolute pseudo-rapidity of any jet in the event, the azimuthal separation between the leading SS lepton pair, and the jet multiplicity. The BSM predictions were scaled to the appropriate SM-like cross sections, and then fit to the CMS data by varying the normalisation (i.e. β 2 g ). By inspection of Figure 4 , it can be seen that the number of b-tagged jets is an important discriminant between the SM and BSM predictions of the search. However, since CMS did not show any distributions for the b-tagged jet multiplicity, arguably the next best discriminant is the jet multiplicity, regardless of the flavour tagging. Therefore, we considered the jet multiplicity to be the distribution to which the BSM event yield can be fit. The total number of observed events in excess of the SM prediction for N jet ≥ 3 (since the 2 jet bin is saturated by the SM and offers an insignificant contribution to the bulk of the BSM signal) was calculated and used to provide an estimate of the value of β 2 g , along with an error that incorporates both statistical and systematic uncertainties from the SM prediction and the data.
The results of this process can be seen in Table 2 . An error weighted mean is calculated for the three sets of spectra, where the combined value of β 2 g = 1.69 ± 0.54 is obtained. This result is consistent with the value of β 2 g = 1.22 ± 0.38 obtained in subsubsection 3.1.2 using OS di-leptons. Plots showing the SM and BSM contributions to the fit can be seen in Figure C3 for the di-lepton categories and Figure C4 for the tri-lepton category.
This study suggests that the evaluation of the production of multiple leptons in association with b-tagged jets in the framework of the search for tth alone appears insufficient. While the extracted signal strength µ tth seems elevated, this measurement on its own does not seem to fully characterise potential discrepancies between the data and the SM in these final states. As illustrated here, the recent measurement from CMS yields µ tth = 1.5 ± 0.5, which does not seem to be a compelling deviation from unity on its own. However, when one evaluates the rate of leptons with b-tagged jets (as detailed here) the discrepancy with the SM increases, as seen from the combined result in Table 2 . Here it is suggested that the experiments report on the production of di-leptons and tri-leptons in association with more than two b-tagged jets. In the context discussed here it is very important to understand the potential correlation between the elevated rate of SS di-leptons and tri-leptons observed with 1 or 2 b-tagged jets, compared to N b-jet ≥ 3. This study goes beyond the measurement of µ tth .
Summary and conclusions
The BSM scenario presented in this article introduces the scalars H and S in order to explain a number of features of the Run 1 data, which persist in the Run 2 data. Here we elaborated on the phenomenology discussed in Refs. [1] [2] [3] by discussing various multi-lepton final states. This includes the production of SS and OS di-leptons and three leptons. We have considered Higgs-like decays of S as well as the leptonic decays via heavy neutrinos. We study the impact of the CP structure of the SWW couplings on the kinematics of leptons in the decay H → Sh → 4W → 4l; this is found to be small. The production of SS di-leptons and tri-leptons from the production of H in association with single and double top quarks is also studied.
Available data is compared against predictions from a simplified scenario. This includes the production of OS di-leptons with E miss T in conjunction with jets and b-tagged jets, and the production of SS di-leptons and tri-leptons in association with b-tagged jets. In general, the inclusion of the simplified BSM scenario (where H decays only to Sh) improves the description of the data compared to the SM-only hypothesis; the extent of which is demonstrated by the results in Table 1 and Table 2 .
The available OS di-lepton invariant mass spectra are fit to the spectra predicted from the direct production of H → Sh assuming m H = 270 GeV. The mass of m S is scanned, where the best fit is obtained with m S = 150 ± 5 GeV. The hadronic jet activity in events with SS di-leptons and tri-leptons in association with b-tagged jets reported by CMS is studied in the context of the production of H → Sh in association with one and two top quarks. In both cases the BSM signal yields with m H = 270 GeV and m S = 150 GeV are fit by varying β 2 g , where β g = 0 corresponds to the absence of a BSM signal. For the OS di-lepton invariant mass spectra, it is found that β 2 g = 1.22 ± 0.38, whereas in the multi-leptons in association with b-tagged jets, we find that β 2 g = 1.69 ± 0.54. These compare well with β 2 g = 1.38 ± 0.32 obtained from available measurements of various Higgs boson signal strengths, excluding the production of tth. Using an error weighted mean, the combined result yields β 2 g = 1.38±0.22. It should be noted that this value does not take into account the full effects of correlations among systematic uncertainties; a formal combination of the results is beyond the scope of this paper.
The recently reported results with di-leptons in association with a b-tagged jet in Ref.
[37] are compatible with the simplified model used here (with m H = 270 GeV and m S = 150 GeV) after taking the event selection into account. The same applies to the recent results with di-leptons reported by CMS [45] and ATLAS [46] . These results are not added to the determination of β g . The results reported here are also compatible with previous studies on the BSM scenario we have considered, an encouraging insight into potential BSM physics which may already be visible in the existing ATLAS and CMS data. A comprehensive study of these and other effects present in the data that are related to the model described here is beyond the scope of this article.
As a final word, the authors point out to corners of the phase space with leptons and hadronic jets that have not been explored at the LHC, where the simplified model considered here predicts an anomalous production. It is suggested that the experiments explore the production of OS di-leptons with missing transverse energy in association with two or more hadronic jets and vetoing b-tagged jets. This region of the phase space is not explored in the measurements of production cross section of the non-resonant WW production, which to date are constrained to the measurement of the cross section with a full jet veto and in association with exactly one jet.
The rate of SS di-leptons and tri-leptons in association with b-tagged jets used in the search for tth remains elevated in Run 2. The measurement of the signal strength of tth does not seem to capture the full extent of the discrepancy between the data and the SM. In the context of the model discussed here, this would imply that an anomalously large rate of SS di-leptons and tri-leptons in association with at least three b-tagged jets is expected. So far the experiments have not reported results in this corner of the phase space. It is important to study the possible connection between the elevated rate of SS di-leptons and tri-leptons with 1 or 2 b-tagged jets observed so far, compared with the rate in association N b-jet ≥ 3. It is also suggested exploring the production of OS di-leptons in association with N b-jet ≥ 3. For fits of the BSM signal to data and evaluating test statistics, a χ 2 approach was used. A global χ 2 was constructed by adding a χ 2 value for each bin and in each observable per channel. For each bin i, the global χ 2 therefore takes the particular form of Pearson's test statistic,
where N i is the event yield for bin i, and ∆N i is the associated statistical and systematic uncertainty combination. The denominator shows the result of adding the uncertainty in the data and theory in quadrature. The BSM uncertainty is not included since it is dominated by the SM and statistical uncertainty. As mentioned in Section 2, the BSM signal is typically proportional to β 2 g , and therefore the BSM event yield is proportional to it as well. The best fit value of β 2 g is obtained by minimising Equation A.1 while leaving β 2 g free. A one-σ uncertainty on this best fit value is taken as the envelope around which Equation A.1 can vary by one unit away from the best fit value of β 2 g .
Appendix B. Direct production kinematic distributions
Various kinematic distributions arising from the direct production of H through ggF are presented here as a reference. All plots show the process gg → H → Sh at a centre of mass energy of 13 TeV. Both the Higgs-like S model and the heavy neutrino model are compared. Figure B1 , Figure B2 and Figure B3 show distributions for di-leptonic signatures, while Figure B4 shows distributions for tri-lepton signatures. Jet and b-tagged jet multiplicities are shown in Figure B1 . The p T of the leptons and di-lepton pairs are presented in Figure B2 , while for the di-leptonic system, ∆φ and invariant masses are shown in Figure B3 . For the W mass reconstruction, the transverse mass (m W T ) observable is defined as
where E miss T is the total transverse missing energy in the event (defined as the magnitude of the vector sum of all neutrinos) and and ν are the W boson decay products. Similarly, the transverse mass observable for the W Z-system (m W Z T ) is defined as
where ∑ 3 =1 p T is the sum of the transverse momentum of the three leptons etc. These observables are shown in Figure B4 , including the p T and reconstructed Z boson mass with ∆φ between leading lepton and missing energy vector. For SS lepton pairs, the SM prediction is omitted due to the fact that the SM production cross section of SS leptons pairs is small. In Figure B5 , the effects of varying the CP structure of the SWW coupling are shown for different interesting observables.
Appendix C. Comparison with data
The calculation of the numbers in Table 1 (subsubsection 3.1.2) made use of the di-lepton invariant mass distributions from the ATLAS and CMS collaborations. Those differential distributions are shown in Figure C1 and Figure C2 with the best fit data points from ATLAS and CMS, respectively. In addition to this, fits are made to the distributions in the CMS Run 2 search for a single top in association with a Higgs boson in subsection 3.2. The distributions Figure B1 . Normalised distributions of jet and b-tagged jet multiplicities for the event preselection in case of the OS (in (a) and (b)) and SS (in (c)) channels, where the process is gg → H → Sh. The SM prediction comes from the process gg → h. The comparison with the SM has been omitted for the SS case, due to a lack of statistics. The b-tagged jet multiplicity for the SS channel has also been omitted, since all events with two SS leptons have no b-tagged jets. Figure B2 . Normalised distributions of the leading-lepton and di-lepton p T for the event preselection in case of the OS (left) and SS (right) channels, where the process is gg → H → Sh. The SM prediction comes from the process gg → h. The comparison with the SM has been omitted for the SS case, due to a lack of statistics. In the case of the Higgs-like S model, the SS channel observables also suffer from a lack of statistics, although the difference between the predictions is still evident. Figure B3 . Normalised distributions of ∆φ , the invariant mass of the di-lepton system and the invariant transverse mass of di-lepton system for the event pre-selection in the OS (left) and SS (right) channels, where the process is gg → H → Sh. The SM prediction comes from the process gg → h. The comparison with the SM has been omitted for the SS case, due to a lack of statistics. In the case of the Higgs-like S model, the SS channel observables also suffer from a lack of statistics, most notably in the ∆φ distribution, although there is very little discrimination power in this variable in any case. Figure B5 .
Discriminating kinematic distributions for ad-hoc values of new physics couplings relating to the CP-studies from Equation 14 . Here the process that is considered is pp → gg → H → Sh → 4W . The distributions include (a) the missing transverse energy, (b) the cosine of the angle between the two leading leptons, (c) the difference in azimuthal angle between the two leading leptons, and (d), (e) and (f), the invariant mass distributions for different possible groupings of the leptons. Due to a lack of statistics, the discrimination power of the missing transverse energy and ∆φ distributions can only be estimated, although trends in the differences of the curves can be identified can be identified. Figure C1 . Distributions of the ATLAS data and SM background comparing to the BSM signal for the di-lepton invariant mass. In (a) events are required to have two opposite-charge leptons (e, µ) with at least one b-tagged jet [30] . In (b) events are required to have two opposite-charge leptons with different-flavour (eµ) and (c) with same-flavour (ee/µ µ), where both analyses require zero jets [31] . In the case of (d) events are required to have two oppositecharge leptons (e, µ) with exactly one jet. The data used here is from pp collision collected by the ATLAS experiment at showing the results of these fits can be seen in Figure C3 for the di-leptonic categories and Figure C4 for the tri-lepton category. Figure C2 . Distributions of the CMS data and SM background comparing to the BSM signal for the di-lepton invariant mass (m ll ). Events are required to have two opposite-charge leptons with (a) zero jets, (b) one jet [33] and (c) eµ channel [34] with at least two jets and one b-tagged jet. The data used here are from the W + W − and tt production cross section measurements in pp collision at √ s = 8 TeV with an integrated luminosity of 19.4 fb −1 and 5.3 fb −1 for top and bottom plots, respectively. Figure C3 . The distributions of jet multiplicity, maximum jet pseudo-rapidity and azimuthal separation between the leading SS lepton pair from the CMS Run 2 single top search. These have been separated into the eµ channel (left) and the µ µ channel (right). The BSM predictions are scaled by the best fit values of β 2 g as described in subsection 3.2. The mass point considered for the BSM prediction is m H = 270 GeV and m S = 150 GeV. Figure C4 . The distributions of jet multiplicity, maximum jet pseudo-rapidity and azimuthal separation between the leading SS lepton pair from the CMS Run 2 single top search. The BSM predictions are scaled by the best fit values of β 2 g as described in subsection 3.2. The mass point considered for the BSM prediction is m H = 270 GeV and m S = 150 GeV.
